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A POSITIVE IMPACT OF INSULIN has emerged in recent years on skeletal muscle mitochondrial function, which could provide adaptive postprandial increments in ATP production. The effect of insulin to acutely stimulate muscle mitochondrial gene expression, protein synthesis, enzyme activities, and ATP production has been demonstrated in healthy humans (25) and appears to be impaired in insulin-resistant conditions such as type 2 diabetes (25) . Potential interactions between insulin and substrate availability in the regulation of muscle energy metabolism remain, however, largely undetermined despite their potentially major clinical impact and pathophysiological relevance. Importantly, acute insulin infusion invariably lowers plasma amino acid (AA) concentrations by suppressing whole body and muscle protein breakdown (4, 7, 9) , and acute mitochondrial effects of insulin were observed when the insulin-induced decline in plasma AA was prevented by exogenous infusion (25) . Stimulation of mitochondrial protein synthesis is a potential important contributor to mitochondrial insulin effects (25) , and a key role of AA to stimulate muscle protein synthesis both independently (10, 13, 14, 17, 27) and synergistically with insulin (8, 18, 28) has also been well elucidated. Independent effects of dietary AA supplementation to enhance skeletal muscle mitochondrial biogenesis have also been recently demonstrated in vivo in rodents, particularly with branched-chain amino acid (BCAA)-enriched mixtures (6) . Potential in vivo interactions between insulin and AA in the regulation of skeletal muscle mitochondrial gene expression and function remainto be defined, however, and whether previously demonstrated insulin effects (25) occur in the absence of AA replacement is not known.
We tested the hypothesis that insulin infusion without exogenous AA does not alter mitochondrial proteins synthesis or ATP production in healthy humans. We further hypothesized there would be no changes to key signaling proteins of the mTOR pathway that regulate protein synthesis in response to amino acids (10, 13, 14, 17, 27) or insulin (21) .
METHODS
Study participants and materials. The study protocol was approved by the Institutional Review Board at the Mayo Clinic. All studies were performed at the Mayo Clinic Clinical Research Unit (CRU). Eighteen healthy participants (10 M/8 F) between the ages of 20 and 30 yr gave informed consent to participate in the study. They were randomly assigned to receive either insulin infusion with glucose replacement or saline infusion (n ϭ 9 each, both groups 5 M/4 F). Characteristics of participants are shown in Table 1 . Fat mass and fat-free mass (FFM) were measured by dual X-ray absorptiometry (Lunar DPX-IQ, Madison, WI). L- [1,2- 13 C]leucine (99 mol % enriched) was purchased from Isotec (Miamisburg, OH). Isotopic and chemical purity were checked by gas chromatography-mass spectrometry. Tracer solutions were tested for sterility and pyrogens and were prepared in a sterile environment. Humulin R insulin (Lilly, Indianapolis, IN) was used for insulin infusion.
Study protocol. All participants were on a standard weight-maintaining diet (carbohydrate/protein/fat, 55:15:30% by calories) provided from the Mayo Medical Center CRU for 3 consecutive days before each inpatient study period. All participants were admitted to the CRU at 1700 on the day before the study. They ingested a standard meal at 1800 and a standard snack at 2200 to avoid prolonged fasting on the following day. All studies were performed in the postabsorptive state. At 0700 (t ϭ Ϫ180 min) of the day following admission, a priming dose of L-[1,2-
13 C]leucine (2.2 mg/kg FFM) was adminis-tered through a peripheral forearm vein, followed by a continuous isotope infusion at the rate of 2.2 mg·kg FFM Ϫ1 ·h Ϫ1 . At 1000 (t ϭ 0), insulin (1.5 mU·kg FFM Ϫ1 ·min Ϫ1 ) or normal saline infusions began. Arterialized blood glucose was measured every 10 min with a Beckman glucose analyzer (Fullerton, CA), and the glucose (40% solution) infusion rate was adjusted to maintain euglycemia in the insulininfused group. At 1000, just before the start of insulin or saline infusions (t ϭ 0), 1200 (t ϭ 2 h) and 1700 (t ϭ 7 h), vastus lateralis muscle samples (ϳ300 mg each) were obtained under local anesthesia (Lidocaine, 2%) with a percutaneous needle as described (25) . A portion of fresh muscle was used to measure mitochondrial ATP production at the 0-and 7-h time points, and the remaining tissue was immediately frozen in liquid nitrogen and kept at Ϫ80°C until use for analyses. The study was part of a larger protocol designed to investigate the time course of insulin effects on leg protein turnover.
RNA isolation and muscle transcript levels. Total RNA was extracted from skeletal muscle tissue (ϳ20 mg) by the guanidinium method (Tri Reagent;, Molecular Research Center, Cincinnati, OH). Total RNA (1 g) was treated with DNase (Life Technologies, Gaithersburg, MD) and then reverse-transcribed using the TaqMan reagents (PE Biosystems, Foster City, CA) according to the manufacturer's instructions. Transcript levels of selected mitochondrial genes and regulators of mitochondrial gene expression and function were measured using Real Time PCR as referenced (1, 25) . In particular, peroxisome proliferator-activated receptor-␥ coactivator 1␣ (PGC-1␣), nuclear respiratory factor 1 (NRF1), and mitochondrial transcription factor 1 (tFAM) were selected as energy metabolism master regulators for their previously demonstrated key roles in enhancement of mitochondrial biogenesis and transcriptional gene expression and function (20, 23) . Transcript levels of mitochondrial and nuclear encoded subunits of the mitochondrial respiratory chain flux-generating enzyme cytochrome c oxidase (COX) COX III and COX IV were also measured. Primers and probes were selected by using the PRIMER EXPRESS software (PE Biosystems). Probe for the nuclear DNA-encoded COX IV were designed to span over one intron to prevent amplification of potential contaminating DNA. Because the mitochondrial genome does not contain introns, reverse primers for amplification of mitochondrial DNA-encoded COX III were designed to target several mRNA-specific nucleotides including the poly(A) ϩ tail string (1, 25) . The signal for 28S rRNA was used to normalize against differences in RNA isolation and RNA degradation and in the efficiencies of the reverse transcription and PCRs. The final quantitation was achieved with a relative standard curve, and results are expressed as percent average value in the saline-infused group.
Mitochondrial enzyme activities and ATP production. A 50-mg portion of muscle from the 0-h and 7-h biopsies was kept fresh on ice in saline-soaked gauze for measurement of mitochondrial ATP production. Rapid separation of mitochondria by differential centrifugation was performed as described (25) . Aliquots of the final mitochondrial suspension were used to measure mitochondrial ATP production rate with a bioluminescence technique (25 , with blank tubes used for background measurement. All reactions for a given sample were monitored simultaneously and calibrated with addition of an ATP standard (BioOrbit 1251 luminometer, Turku, Finland). Activity of mitochondrial enzymes COX (respiratory chain) and citrate synthase (TCA cycle) were measured from tissue aliquots as previously described (25) .
Protein synthesis. A separate ϳ150-mg piece of muscle was used to isolate the mitochondrial protein fraction by differential centrifugation as described (2). Muscle mitochondrial proteins were then hydrolyzed overnight in 0.6 mol/l HCl in the presence of cation exchange resin (AG-50; Bio-Rad, Richmond, CA) and subsequently purified, dried (SpeedVac, Savant Instruments), and derivatized as their trimethyl acetyl methyl ester. [ 13 C]leucine enrichment in muscle proteins was determined using a gas chromatograph-combustion isotope ratio mass spectrometer (GC-C-IRMS; Finigan MAT, Bremen, Germany) as described (2) . Tissue fluid AA were derivatized as t-butyldimethylsilyl ester derivatives and analyzed for [
13 C]leucine enrichment with gas chromatograph-mass spectrometer (GC-MS; Hewlett-Packard Engine, Avondale, CA) (26) .
The fractional synthetic rate (FSR) for mitochondrial proteins was calculated as follows (25)
where Ef and Ei represent the enrichments as atom percent excess of 13 C derived from the combustion of muscle fraction obtained from the muscle biopsies; Ep is the precursor pool (tissue fluid leucine) enrichment; and t represents the time between biopsies in hours.
Western blotting. Muscle samples were homogenized in ice-cold cell lysis buffer (Cell Signaling Technology, Beverly, MA) supplemented with protease inhibitors (Mini Complete; Roche, Indianapolis, IN) and incubated on ice for 30 min. After high-speed centrifugation, supernatants from each sample were used for Western analysis (1). The same amount of protein was loaded onto each gel lane for each blot (40 -60 g depending on target protein abundance). Densitometric analysis was performed using a Kodak Image Station 1000 and infrared imaging (Licor Biosciences, Lincoln, NE). Antibodies for phosphorylated and/or total Akt, sestrin-2 (SESN2), mammalian target of rapamycin (mTOR), eukaryotic initiation factor (eIF)2␣, p70 S6 kinase (S6K), eIF4E-binding protein-1 (4EBP1), forkhead box subgroup O (FOXO)3A, beclin, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) were from Cell Signaling Technology. The specific phosphorylation sites measured were: Thr 37/46 -4EBP1, Thr 308 -Akt, Ser 2448 -mTOR, Thr 389 -S6K, Ser 51 -EIF2␣, and Thr 32 -FOXO3A. Results for Akt, mTOR, EIF2␣, S6K, 4EBP1, and FOXO3A were expressed as ratios between phosphorylated and total protein. Total p62, beclin, and SESN2 levels were normalized for GAPDH protein content.
Substrates and hormones. Blood glucose was measured by the glucose oxidase method using a glucose analyzer (Beckman Instruments, Fullerton, CA). Plasma insulin was measured by a chemolu- H2; MassTrace), and norvaline (Sigma) in 0.01 N HCl was used as internal standard. Frozen plasma samples were thawed, spiked with internal standard, and then deproteinized with cold MeOH followed by centrifugation at 10,000 g for 5 min prior to derivatization with 6-aminoquinolyl-N-hydroxysuccinimidyl carbamate. High-resolution separation was done using an Acquity UPLC system (15) . Mass detection was completed on a TSQ Ultra Quantum from Thermo Finnigan running in electrospray ionization positive mode (15) .
Statistical analysis. Multiple measurement ANOVA was used to compare results in insulin-and saline-infused groups. Pairwise comparisons were made with Student's t-test. P values Ͻ 0.05 were considered statistically significant.
RESULTS
Plasma glucose, insulin, and AA concentrations. In the Insulin group, mean plasma insulin concentration was maintained at a similar elevated concentration above baseline following 2 and 7 h of infusion (Table 2) . Plasma glucose was measured at 15-min intervals throughout the study and was maintained within 10% of the baseline concentration (only 2-h and 7-h values shown in Table 2 ). Plasma concentrations of several AAs declined during insulin infusion but not saline infusion (Table 3 ). The decline in AA included most essential AAs, including the BCAAs. Insulin also reduced glutamine, aspartic acid, glutamic acid, and arginine. These changes were by design at variance with a previous study (25) , in which insulin and AA infusions were combined to prevent the fall in plasma AA concentrations. Mitochondrial-energy metabolism gene transcript levels. Transcript levels of mitochondrial-energy metabolism genes did not change compared with basal values after 2 h of insulin or saline infusion, with similar results in the two groups (Fig. 1) . However, at 7 h there were increases in the mRNAs for COX III, PGC-1␣, and NRF1 (P Ͻ 0.05 vs. basal and changes in saline). A similar trend did not reach statistical significance for tFAM.
Mitochondrial enzyme activities and ATP production rate. Unlike the changes observed for energy metabolism transcripts, insulin infusion did not result in changes in the activity of COX or citrate synthase activities and ATP production was unchanged (Fig. 2) .
Protein FSR. Under the current experimental conditions, insulin and saline groups had similar mitochondrial protein FSR when averaged over the entire 7-h infusion period (Fig. 3) . However, insulin effects varied over time with an early stimulation as shown by a higher FSR in the insulin vs. saline group from 0 to 2 h, followed by reduction of mitochondrial protein FSR from 2 to 7 h that was greater in the insulin group than with the saline group. The increments in [ 13 C]leucine atom percent enrichment (APE) in the mitochondrial protein fraction were consistent with changes in FSR with the following values: insulin group: 0.0262 Ϯ 0.0026 and 0.0287 Ϯ 0.05 for the 0 -2 and 2-7 h times, respectively; saline group (both P Ͻ 0.05 vs. corresponding Insulin): 0.0178 Ϯ 0.008 and 0.0392 Ϯ 0.049 for the 0 -2 and 2-7 h times, respectively. The tissue fluid enrichment, used to calculate the FSR, increased during the study (Saline group: 8.35 Ϯ 0.35, 8.77 Ϯ 0.34, and 9.77 Ϯ 0.28 molar percent excess for 0, 2, and 7 h; Insulin group: 9.10 Ϯ 0.32, 10.22 Ϯ 0.61, and 11.07 Ϯ 0.65 molar percent excess at the corresponding times). This significant increase (P Ͻ 0.05) in tissue fluid enrichment is a a potential limitation for calculation of FSR. We are examining the precursor-to-product relationship, and the mean tissue fluid values from three biopsy samples should truly represent the precursor enrichment from which the incorporation of phenylalanine occurs to the muscle protein. Moreover a similar directional changes in tissue fluid enrichment in two experimental groups, Saline and Insulin, occurred that support that the differences observed in FSR between the two study groups is biological. Moreover, using relative steady-state conditions of both arterial [ 13 C]KIC or [ 13 C]Leu enrichment as the precursor pools for calculation of FSRs, we have shown similar changes in FSR values as on using tissue fluid enrichment. It is possible that the increase in tissue fluid enrichment was due, at least in part, to an insulininduced decline in protein breakdown in the insulin-infused group. However, a similar magnitude of changes in the two experimental groups does not support a major differential role for altered protein breakdown in the increase of tissue fluid enrichment. Importantly, mitochondrial, sarcoplasmic, and mixed muscle protein FSRs were calculated using arterial 13 C enrichment of the leucine deamination product KIC. [ 13 C]KIC plasma enrichment reached near-steady-state conditions before each biopsy (Fig. 4A) , whereas plasma KIC concentration, similar to leucine, declined substantially at 2 h of insulin infusion without marked subsequent alterations (Fig. 4B) . Changes in FSRs over time were superimposable to those calculated using muscle tissue fluid [ The pattern of FSR values over time and between groups observed for the sarcoplasmic and total mixed muscle protein fractions was similar to the mitochondrial FSR, as there were no differences between the groups when calculating the whole 7-h study period, whereas there was a nonstatistically significant elevation of FSR in the Insulin group at 2 h followed by a significantly greater decline from 2-7 h (Fig. 5) .
Insulin-modulated, AA-dependent anabolic signaling (Akt-mTORp70 S6K -4EBP1). Insulin resulted in an approximately fivefold increase of Akt phosphorylation after both 2 and 7 h of infusion, with no change in the saline-infused group (P Ͻ 0.05 insulin vs. basal and saline; Fig. 6 ). However, no changes were observed in the insulin-infused group in activation of mTOR pathway, including SESN2 levels and phosphorylation of mTOR, p70 S6K , and 4EBP1 at either measurement time. No difference in response was observed either compared with the saline-infused individuals. EIF2␣ phosphorylation remained unchanged during hyperinsulinemia under the current experimental conditions.
Finally, we also aimed at determining whether regulators of protein breakdown (24) and autophagy (12) were altered during hyperinsulinemia with lowered AA concentrations. Acute hyperinsulinemia and Akt activation were associated with a borderline suppression of FOXO3A phosphorylation, whereas no changes occurred in protein content of the autophagy markers beclin or p62 (Fig. 7) .
DISCUSSION
The present study has demonstrated that insulin infusion for 7 h in the absence of amino acid replacement failed to stimulate muscle mitochondrial protein synthesis enzyme activities and ATP production despite enhanced mRNA expression of PGC-1␣, NRF1, and COX III subunit. Insulin also enhanced phosphorylation of Akt but did not change phosphorylation of regulators of protein translation, including mTOR, p70 S6K , 4EBP1, and EIF2␣.
Of interest, insulin and amino acids have been shown to enhance skeletal muscle mitochondrial function under different experimental conditions (6, 25) . However, the in vivo interactions of these two important regulators of protein synthesis are limited. In a previous report, insulin infusion acutely stimulated mitochondrial transcript levels, mitochondrial protein synthesis, and ATP production in skeletal muscle from healthy young adults (25) . Those stimulatory effects were observed in the presence of concomitant exogenous amino acid infusion to prevent insulin-induced hypoaminoacidemia (25) . In contrast, in the current study, insulin infusion without exogenous amino acid replacement failed to enhance mitochondrial enzyme activities and ATP production. These combined observations support the idea that maintenance of amino acid availability is a key limiting factor for acute stimulatory effects of insulin on muscle mitochondrial function in vivo in humans. Elevations of plasma insulin concentration invariably occur following high-carbohydrate or mixed meals, and the current results have therefore relevant nutritional implications, since they support 1) the need for adequate amino acid supply to maintain adaptive insulin effects on muscle postprandial energy metabolism, and 2) the possibility to modulate mitochondrial responses to insulin and meal ingestion by modulating amino acid availability.
In our prior study that demonstrated an increase in mitochondrial protein synthesis during hyperinsulinemia with amino acid replacement (25), we also reported that there was a lack of stimulation of mitochondrial protein synthesis and mitochondrial function under the same conditions in people with type 2 diabetes (25). In the current study, sustained hyperinsulinemia with low amino acid availability did not increase mitochondrial protein synthesis or function in healthy nondiabetic people. The present results and previous observations (25) support a relevant role of mitochondrial protein renewal in the acute regulation of mitochondrial function by nutritional stimuli. This conclusion is also indirectly supported by preserved transcripts for mitochondrial genes, suggesting that pretranslational steps of gene expression do not limit mitochondrial responses and might indeed represent a target of insulin action independent of amino acid availability.
We investigated the Akt-mTOR signaling pathway as a mediator of the interaction between insulin and amino acids to stimulate skeletal muscle protein anabolism (8, 18, 28) . Insulin infusion caused a marked sustained stimulation of Akt phosphorylation; yet its downstream stimulatory effects on mTOR phosphorylation did not occur, nor did we detect changes in SESN2, a negative upstream regulator of mTOR (3). It is possible that hypoaminoacidemia restricted the mTOR activation, as several studies have demonstrated that activation of the mTOR system requires combined and balanced effects of several essential and nonessential amino acids (17) . The BCAAs (and leucine in particular) can modulate skeletal muscle mTOR signaling (13) and have been proposed to stimulate mixed muscle and mitochondrial protein synthesis (11, 28) . In support, BCAA supplementation enhanced mitochondrial biogenesis in rodent muscle (6) . Importantly, mTOR signaling has been reported to upregulate mitochondrial function and to positively modulate PGC-1␣ expression through mechanisms at least partly independent of the p70 S6K -4EBP1 protein synthetic pathway (5, 24). In the current study, we also investigated the activation of the eIF2 complex that can stimulate protein synthesis in response to amino acids (10, 14) . We did not detect changes to eIF2␣ phosphorylation, which is consistent with the lack of stimulation of other major amino aciddependent protein-anabolic pathways.
Mixed skeletal muscle protein FSR was not changed during the 7-h study period and is in agreement with lack of stimulation of mTOR and EIF2 pathways. An additional intriguing finding was the apparent time-dependent pattern of response in protein FSR. The most likely explanation for early higher FSR is faster tracer incorporation into newly synthesized mitochondrial proteins stimulated by hyperinsulinemia before the substantial amino acid decline occurred. The prolonged decline in amino acid availability throughout the second part of the study likely prevented the maintenance of protein FSR, while hyperinsulinemia could have contributed to maintain phosphorylation levels of translation initiation regulators. Amino acid withdrawal activates autophagy (16, 19) ; yet the activation signal could have been overridden by the hyperinsulinemia conditions to cause no detectable change in static autophagy markers. Further studies are needed to directly test the interaction between insulin and changing amino acid concentrations on skeletal muscle protein synthesis and autophagy. It should be pointed out that a modest increase in muscle mitochondrial ATP production has also been reported when insulin levels were increased from postabsorptive to high postprandial levels without exogenous amino acid infusion (1, 25) . In those studies, endogenous insulin secretion was suppressed by somatostatin to achieve comparable plasma insulin in healthy and diabetic people (1, 25) , and this difference likely contributed to the observed discrepancies. Growth hormone (GH) was also infused to prevent its expected fall during somatostatin suppression of pancreatic secretion (1, 25) . We (22) recently demonstrated that GH acutely enhances muscle ATP production in humans, while a potential involvement of IGF-I was not directly demonstrated. Arterial plasma GH was measured in the current study, showing no statistically significant differences between saline and insulin infusions despite a trend toward higher concentration in insulin-treated participants at the end of the study (Saline: 1.59 Ϯ 0.65, Insulin 4.79 Ϯ 2.12, P ϭ 0.14). Changes in circulating GH and indirectly in IGF-I were therefore unlikely to play a key role in changes in muscle mitochondrial protein synthesis and function in the current study.
In conclusion, the current findings demonstrate that, in the absence of exogenous amino acid supply, physiological hyperinsulinemia and decline in metabolites of amino acids fail to stimulate mitochondrial enzyme activities and ATP production. These alterations are associated with lack of activation of amino acid-dependent protein-anabolic pathways and mitochondrial protein synthesis. The data support novel interactions between insulin, systemic amino acid availability, and muscle mitochondrial function in vivo in humans, which could be at least partly mediated by modulation of mitochondrial protein synthesis.
